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Two-dimensional functionalized Mo,NT; (T = H, O) monolayer as promising
candidates for NO, gas capture agents and sensors
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This study employs first-principles calculations to investigate functionalized Mo,N7, (T=@, H,
0O, F) MXenes as dual-functional materials for toxic gas capture and sensing applications. The surface
of the pristine Mo, N surface is unsaturated, possesses dangling bonds, and exhibits a strong capability
to capture various environmental gases. Surface functionalization significantly modulates this behavior:
Mo, NH,; demonstrates remarkable selectivity toward NO, capture, while Mo,NO, emerges as a superior
NO sensor due to its optimal adsorption strength (—0.342 eV), substantial charge transfer (—0.197 e), and
14%—18% current reduction in nanodevice measurements. Notably, investigations of mixed-terminated
Mo, NO, (OH)y systems reveal that hydroxyl concentration dictates NO reaction pathways: low OH
triggers proton abstraction, forming O-N-H structures, whereas high OH induces direct O-H cleavage,
generating HyN-OH. Although water passivation mitigates these reactions, irreversible chemical trans-
formations persist, underscoring that precise control of surface chemistry, particularly terminal-group
engineering, is essential for achieving the selective capture capabilities and reversible sensing performance

required for next-generation MXene-based gas management platforms.
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I. INTRODUCTION

Gas sensor advancement is essential for detecting toxic
industrial gases, monitoring environmental pollution, and
creating sustainable energy solutions [1—4]. In the past
half century, semiconductor materials have been commer-
cially used to create gas sensors on the market [5] due to
their affordability and quick response times [6]. However,
they exhibit a high operating temperature, low conductiv-
ity, and restricted sensitivity. Gas sensors with exceptional
sensitivity are necessary for diagnosing serious diseases,
environmental monitoring, and military surveillance [7,8].
Therefore, the development of gas sensors with rapid
and efficient detection capabilities for low gas concentra-
tions is of great significance [9,10]. In 2007, Liang et al.
applied graphene-based microsized sensors to detect gases
such as NO,, NH;3, H,O, and CO at concentrations of
1-ppb levels [11]. The sensors were able to detect indi-
vidual adsorbed molecules by monitoring changes in the
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local carrier concentration within graphene. Similar to
solid-state sensors, the adsorption of gas molecules on
the graphene surface achieves gas detection by acting as
a donor or receptor molecule and influencing variations
in conductivity on the graphene surface [11]. Although
graphene has attracted considerable attention, its simple
chemical properties limit its application [12].

MXenes are emerging two-dimensional materials like
graphene, consisting of transition metals, carbides, and
nitrides. They form an atomic sheet with strongly bonded
atoms by etching the max phase, i.e., M, AX,, where M is
a transition-metal element, 4 is a group IIIA or IVA metal
element, and X is carbon or nitrogen [12—14]. The atomic
sheets are linked by weak interlayer van der Waals inter-
actions [15]. Pristine MXenes have electron unsaturation,
which results in their surfaces being terminated by func-
tional groups like F, O, or OH during liquid etching [16].
This alters their physical and chemical properties, making
them suitable for applications such as energy storage [17],
catalysis [18], and gas sensors [19]. MXenes are promising
candidates for the next generation of gas detectors because
of their high conductivity, low noise, vast surface area,
high volume ratio, and customizable surface termination
groups [12].

© 2025 American Physical Society
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Lee et al. synthesized two-dimensional Ti;C, 7, material
as a flexible sensor and successfully detected ethanol,
methanol, acetone, and ammonia at room temperature.
The detection limit of acetone gas was calculated to be
9.27 ppm [19]. It was proposed by Khakbaz et al. that
the interaction between NH; gas molecules and Tiz;C, 7%
substrates with low end ratios on the fluorine surface was
stronger. The calculated charge-transfer amount of NHj
to the modulation terminal is —0.098 e, and the adsorp-
tion energy is —0.36 eV [20]. Xiao et al. researched the
interaction between ammonia in various charge states and
functionalized M,CO, (M =Sc, Ti, Zr, and Hf), propos-
ing that the O-end semiconductor MXenes could serve
as a material for NH3 sensors [21]. By calculating the
electronic properties of materials and the transport behav-
ior of devices, Naqvi proposed that S-functionalized M, N
(M =Ti, V) could serve as an excellent sensing material
for NO and NO, [22]. Shukla et al. suggested that two-
dimensional materials with moderate adsorption energy,
high charge-transfer capacity, and short recovery times
could be potential gas sensors. For instance, functionalized
2H-Mo,BH; has been identified as a promising NH; sen-
sor [23]. These studies illustrate the potential of MXene
materials, especially functionalized MXenes, in the gas
sensor sector.

Nevertheless, despite significant research efforts on
MXene for gas sensing, challenges remain in achieving
superior selectivity and shorter recovery times [12]. This
motivates our exploration of alternative two-dimensional
MXene materials and the modulation of their gas-sensitive
properties through surface-functionalization techniques.
Research reports indicate that Mo, N7, materials can be
synthesized through the ammonization of Mo,CT; at ele-
vated temperatures (up to 600 °C for 1 h) [24]. Further-
more, two-dimensional monolayer Mo,N demonstrates
potential as an anode material for lithium-ion batteries.
This potential arises from its high specific charge capacity
(~520 mA hg~!) and its enhanced electronic conductivity
following Li-atom adsorption [25]. Building on these find-
ings, we investigate whether Mo, N7, exhibits a significant
modulation of its electronic conductivity upon adsorption
of specific gases. This property is a critical characteristic
for potential application as a sensitive material in resistive
gas sensors.

Therefore, we comprehensively evaluated the gas-
sensing potential of monolayer Mo,N and its surface
termination groups (H, F, O) by analyzing charge trans-
fer, differential charge density, projected density of states
(PDOS), thermal stability, and electronic transport behav-
ior. It is proposed that Mo,N and Mo,NH; can be used
as capture agents for NO, toxic gases, and Mo,NO; is
identified as a potential reversible sensing material for
NO detection. The distinct adsorption behaviors of NO
on pristine monolayer Mo, N and functionalized Mo,NT,
(T=H, O, F) are explained. We anticipate that this study

will provide pivotal guidance for the development of high-
efficiency toxic-gas-selective capture agents and advanced
gas sensor materials.

II. COMPUTATIONAL METHODS

All simulations employed first-principles methods
via the Vienna ab initio simulation package [26,27].
Electron-ion interactions were modeled using the projector
augmented-wave pseudopotential framework. For charge-
exchange interactions, the Perdew-Burke-Emzerhof (PBE)
functional within the generalized gradient approximation
[28] served as the primary computational approach. To
achieve quantitatively accurate band gaps and electronic
structures, we supplemented the study with the screened
hybrid HSE06 functional [29], which incorporated 25%
exact Hartree-Fock exchange and a screening parameter
of 0.2 A~!. According to the expansion of the electron
wave function, the cutoff value of the plane-wave energy
with 520 eV is selected, and the vacuum layer spacing
is set to 20 A to avoid periodic boundary impact. The
Brillouin zone is modeled using a 12 x 12 x 1 Monkhorst-
Pack k-point grid scheme, and the conjugate gradient
algorithm is employed to relax the unit-cell vector of lattice
parameters and atomic coordinates. The relaxation process
continues until the residual force on each atom is below
0.01 eV/A and the energy difference between electronic
steps is less than 10~ eV to avoid residual stress. The
3 x 3 supercells of Mo, N and functionalized MXenes are
denoted as X0, X1, X2, and X3 substrates. The Brillouin
zone adopts a 4 x 4 x 1 Monkhorst-Pack k-point grid for
structural relaxation and self-consistent calculations. We
used density-functional perturbation theory to calculate the
phonon-band structure, and the system was coupled to the
Nosé-Hoover thermostat for ab initio molecular dynam-
ics (AIMD) simulations that lasted for 10 ps in the NVT
ensemble. We added the DFT-D3 van der Waals correc-
tion using Grimme’s semiempirical dispersion-correction
method in all calculations to consider the long-term corre-
lation effect [30]. Chemical bond analysis adopts the crys-
tal orbital Hamilton population (COHP) method, which
is implemented in the local orbital basis suite towards
electronic structure reconstruction code [31].

The formation energy, Efom, of functional groups on
MXenes is defined as

Eform = EMoyNT, — EMo,N — E75 (1)

where Eno,NT,, EMo,N, and E7, represent the total energy
of functionalized Mo,N7, (T=H, O, F); the total energy
of the original material; and the total energy of group gas-
phase Hj, F;, and O,, respectively.

The adsorption energy of the system is defined as

Eus = EMozNT2+gas - EMozNTz - Egas» (2)
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where Enio,NT,+gass EMoyNTy> and Egag represent the total
energy of the monolayer and adsorbed gas, the total energy
of the monolayer substrate, and the total energy of isolated
gas molecules, respectively.

Recovery time is an important index of the gas sen-
sor. Based on transition-state theory, it has an exponential
relationship with the adsorption energy, as follows [32]:

T = Uale_Eads/kBT’ (3)

where T is the temperature, kg is the Boltzmann con-
stant (8.62 x 1073), and vy is the trial frequency (10'?).
We can get the recovery time of the system at different
temperatures through this formula.

I11. RESULTS AND DISCUSSION

A. Structural and electronic properties of Mo, N

In this section, we investigate the structural and elec-
tronic properties of Mo,N. The space-group number of the
isolated single-layer Mo, N structure is 164. Single-layer
Mo, N after relaxation optimization is shown in Fig. 1(a),
and its lattice structural parameters are a=5=2.810 A,
which are very close to experimental reports [24]. The cal-
culated bond lengths of its neighboring Mo and N atoms
are 2.130 A. To evaluate its stability, we perform phonon-
dispersion spectroscopy calculations and AIMD simula-
tions. Figure 1(b) shows the phonon spectrum with missing
imaginary frequencies, which indicates that the structure
is stable [33]. In addition, 10-ps AIMD simulations are
conducted on the Mo,N system to verify the thermody-
namic stability at three different temperatures (300, 500,
and 700 K), as shown in Fig. Sl(a)-S1(c) within the
Supplemental Material [34]. Although single-layer Mo, N
exhibits atomic vibrations at high temperatures, its energy
fluctuates around the average value. The material’s frame-
work remains stable without appreciable deformation for
durations below 10 ps. Thermal-vibration-induced atomic

(a)

displacement does not inherently indicate material insta-
bility, and the displacements are inherent reactions of
the system to the thermodynamic conditions. Monolayer
Mo, N can maintain stability, even at elevated tempera-
tures. Figure 1(c) illustrates that the energy band of Mo, N
extends beyond the Fermi level. And the SOC can open
degeneracy at the I point while having little effect on the
energy-band structure. Therefore, SOC is not considered in
subsequent calculations.

B. Structure and stability of Mo,NT;

Modifying the terminal group on the surface of MXenes
can alter their chemical characteristics. The surface of
single-layer Mo, N is unsaturated, leading to the unavoid-
able presence of termination groups on its surface. This
section analyzes Mo,NT, (T'=H, O, F) functionalized
with various groups. The positions of termination groups
in uncovered MXenes are influenced by the variance in
electronegativity between metal cations and anions. We
used Mo, N with two functional groups arrangedina 1 x 1
configuration on opposite sides of Mo,N to create the
Mo, NT; structure. Combining the symmetry of Mo, N pre-
cursor cells, two different (ST1 and ST2) double-sided
adsorption sites are considered for different termination
groups, as depicted in Figs. 2(a) and 2(b), and the cor-
responding formation energies of the two structures have
been computed and are presented in Fig. 2(c). In the ST1
configuration, the 7" atom is arranged vertically with Mo
atoms on both sides. And in the ST2 configuration, 7" atoms
are arranged vertically on both sides of N atoms. The low-
est formation energies of Mo, NH;, Mo, NF;, and Mo,NO,
are —0.781, —6.634, and —8.339 eV, respectively. Addi-
tionally, phonon-dispersion calculations on these three
lowest-energy configurations demonstrated their dynamic
stability (Fig. S2 within the Supplemental Material [34]).
This indicates that the functionalization of Mo, N was fea-
sible. Furthermore, the integrated crystal orbital Hamilton

(c)

Frequency (THz)

Energy (eV)

-4

FIG. 1.

(a) Top and side views of the Mo, N monolayer. (b) Phonon dispersion spectrum of the Mo, N monolayer. (c) Band structures

of Mo, N with and without considering the spin-orbit-coupling (SOC) effect.
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B st1

E, form (eV)

Mo,NH, Mo,NF, Mo,NO, Mo,N(OH),

FIG. 2. Top and side views of (a) ST1 and (b) ST2, two different functionalized structures for single-layer Mo, N. (c) Formation
energies (eV) of two structures calculated for three functionalized Mo, N7>.

population (ICOHP) is calculated to obtain a quantitative
description of the Mo—T bond strength (Fig. 3). A larger
absolute value of ICOHP indicates a stronger bond energy.
The ICOHP values between H-Mo, F-Mo, and O-Mo are
—0.99, —1.16, and —2.83, respectively, with bond lengths
of 1.98, 2.21, and 2.03 A, which are consistent with the
bonding strength. Meanwhile, AIMD simulations (Fig. S1
within the Supplemental Material [34]) for 10 ps at 300,
500, and 700 K were performed on the most stable config-
uration of functionalized MXenes. The energy curve gen-
erated by AIMD shows vibrations close to the mean value,
meaning that the three functionalized MXenes remain sta-
ble across various temperatures (300, 500, and 700 K).
These findings further demonstrate the potential use of
the functionalized Mo, N sensor from room temperature to
high temperatures.

@  _ICOHP(eV) (D)

—ICOHP (eV)

C. Electronic structure and properties of Mo, N7;
(T=H, O, F)

As illustrated in Fig. 4(a), the PDOS of Mo, N reveals a
pronounced hybridization peak centered at —6 eV between
Mo d and N p orbitals, exhibiting a broad spectral over-
lap that indicates strong covalent Mo—N bonding. Cru-
cially, within the Fermi window (—3-3 eV), the persistent
d-p orbital hybridization results in substantial band over-
lap, leading to vanishing band gaps and metallic behav-
ior. While hybrid HSE06 calculations were performed
for comparison [Fig. 4(b)], the quantitative agreement in
hybridization features and metallicity confirm that PBE
reliably captures the essential electronic characteristics
of Mo,;N systems without overestimating metallic traits.
Consequently, subsequent analyses are based on PBE
calculations. Mechanistically, charge transport is primarily

(©) —ICOHP (eV)

E - E; (eV)
E - Eg (eV)

E; (eV)

E —

—COHP (eV)

FIG. 3.

—COHP (eV)

—COHP (eV)

Average —COHPs and —ICOHPs of (a) H—Mo, (b) F—Mo, and (c) O—Mo bonds. Green area represents the bonding

contribution, and red area represents the antibonding contribution. Blue curve represents the integral of —ICOHPs; —ICOHP integral
value is indicated in red font; and gray dotted line represents Fermi energy level.
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FIG. 4. Total DOS (TDOS) and PDOS of monolayered Mo,N, Mo,NH;, Mo,NF,, and Mo,NO,. (a) PBE calculations. (b) HSE06

calculations.

governed by the Mo d orbitals, which dominate the DOS
near Eg, whereas N p orbitals facilitate conductivity
through covalent-channel mediation.

In addition, the PDOS of M0,NT7T3 is calculated to gain a
deeper understanding of its electronic properties, as shown
in Fig. 4. In Mo, N, the conduction band and valence band
are created through the hybridization of Mo d and N p
orbitals. The primary contribution comes from the non-
bonding orbitals of Mo d, representing the presence of dan-
gling bonds on the surface of Mo. The bands are divided
by a narrow band gap, ranging from —4.8 to —4.7 eV
below the Fermi level, without impacting the metallic char-
acteristics. The nonbonding-orbital contribution of Mo d
decreases in Mo,NF; and Mo,NO,, leading to a change
of the PDOS curve around the Fermi level and a pseudo-
gap towards negative energy. The pseudogap lies between
the bonding orbitals at negative energies and the non-
bonding orbitals at positive energies. Its width expands,
meaning an increase in the covalent bond’s strength and
the structure’s stability. The valence band of functional-
ized Mo,NT, (T=H, O, F) ranges from —4 to —8 eV and
is mostly formed through Mo d-N p and Mo d-T s or p
orbital hybridization. Between 0 and 4 eV, it consists pri-
marily of Mo d and T p. The T s(p) state makes a minor
contribution to the conduction band. Interestingly, after the
O group is terminated, a new energy band develops below
the Fermi energy (—3.9 to —3.2 eV) due to hybridization
of the O p and M d orbitals. This reveals the possibility
of transforming it into a semiconductor material through
band-gap engineering.

D. Gas adsorption on MXenes

The four adsorption sites for a gas, as shown in
Fig. 5, are considered to obtain the gas-adsorption energies

of substrates X0—X3. To quantify the strength of the
interaction between gas molecules and MXenes, Bader
charge transfer (C7) and the closest distance between gas
molecules and substrate were calculated, as shown in
Tables S1-S3 within the Supplemental Material [34] and
Table 1.

The most stable configuration of gas molecules on
the X0 substrate is described in Fig. S3 within the
Supplemental Material [34]. As shown in Table I, in
all scenarios, the X0 substrate loses electrons, and all
adsorption processes are exothermic reactions. The X0
substrate exhibits the highest adsorption energy for NO
(Eags=—4.218 eV). It also has the lowest adsorption
energy for CHy (E.gs =—0.339 eV) but a relatively high
charge transfer (1.032 e). It is necessary to point out
that H,S is cracked in different orientations of monolayer
Mo;N in Fig. S4 within the Supplemental Material [34],
which is similar to the cracking of H,S on the metal sur-
face reported in previous studies [35,36]. Nevertheless, it is
beyond the scope of the current work, so it is not discussed
here.

Figure 6 depicts the isosurface of total charge density
for monolayer Mo, N adsorbed with gas molecules, visual-
izing interactions between pristine Mo, N and adsorbates.
To gain deeper insights into charge-transfer mechanisms,
the differential charge density (Ap) was calculated based
on the following definition:

“)

where pagsorbate 1S the self-consistent charge density of
the adsorbed system (gas molecule on MXene), Ovxene
denotes the self-consistent charge density of the isolated
MXene substrate at the same atomic positions as in the

AP = Padsorbate — PMXene — Pgas
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FIG. 5.

bridge
O hollow-1
© hollow-2

O top

Adsorption sites on (a) Mo, N, (b) ST1, (c) ST2 surfaces. Gold, bridge site; green, hollow-1 site; blue, hollow-2 site; lavender,

top site. Bridge, hollow, and top sites represent the gap positions between two Mo terminal groups, directly above the Mo terminal

group, and between the three Mo terminal groups.

adsorbed system, and p,,s represents the self-consistent
charge density of the isolated gas molecule in its adsorbed
configuration.

The Mo site is a charge-depletion region that forms
a charge-accumulation region with the central atom or
hydrogen atom of the interacting gas molecule. The
adsorbed gas acts as a Lewis base with lone-electron
pairs, and it strongly interacts with the surface of the
X0 substrate. The interaction between the HOMO of gas
molecules and the unoccupied crystal orbitals of the sub-
strate reduces the energy states, resulting in a transfer of
partial charge from the Lewis base to the Lewis acid,
thereby forming new bonds [37]. The PDOS of the X0
substrate and gas-adsorption systems support this point
(Fig. S5 within the Supplemental Material [34]). During
the adsorption of CHy4, NHj3, NO,, SO,, CO, and CO,,

TABLEI. Adsorption energy of gas molecules adsorbed on X0
substrate; H,S and NO, gas adsorbed on X1 substrate; NO gas
adsorbed on X1, X2, or X3 substrates; Cr; and distance from
substrates.

Substrates/gas .
molecules E.4 (€V) Cr(e) dgas - MoyN (A)
Mo,N/CH,4 —0.339 1.032 2.078
Mo,N/NO —4.218 1.667 1.27
Mo, N/H,S —1.809 0.382 1.94
Mo,N/CO, —1.672 2.055 1.54
Mo, N/NO, —3.589 1.372 2.02
Mo, N/SO, —3.074 1.433 2.04
Mo,N/CO —2415 0.808 1.97
Mo, N/NHj; —1.532 0.631 2.34
Mo, NH,/H,S —0.357 —0.104 2.23
Mo,NH, /NO, —1.624 0.045 1.032
Mo, NH,/NO —3.208 0.572 1.591
Mo, NF,/NO —0.368 —0.209 2.272
Mo,NO,/NO —0.342 —0.197 1.966

Mo d and C, O, N, or S p orbitals are hybridized at
0-5 eV in the conduction band. The conduction band of
the substrate is mainly contributed to by Mo d nonbonding
orbitals. When the adsorbed gas is close to the substrate
surface, additional electrons will be introduced into the
unoccupied orbitals of Mo d on the substrate surface.
This means that the valence-layer electrons of Mo inter-
act with the valence-layer electrons of the adsorbed gas
and further affect the DOS at the Fermi level. For example,
NH; donates its lone pair to the surface, where hybridiza-
tion occurs between the N p orbital of NH; and the Mo
d orbital. This bonding mechanism is further supported
by distinct resonance peaks of the Mo d and N p DOS
within the energy range of —10 to —3 eV, as evidenced
by Fig. S5(b) within the Supplemental Material [34].

E. NO gas adsorption on Mo;N7>(T=H, F, O)

Based on the most stable adsorption configurations of
gas molecules on X1, X2, and X3 substrates considered
here (Figs. S6-S8 within the Supplemental Material [34]),
termination groups have a significant impact on the gas
sensitivity of pristine Mo,N. The front and side views of
the most stable arrangement of NO adsorbed on the sur-
face of X0—X3 substrates are exhibited in Figs. 7(a)}-7(d),
respectively. The curves in the figures represent the aver-
age potential diagram of the adsorption systems. In the
X0 substrate, Mo, N has a significant adsorption reaction
with NO, and the Mo—N bond of the substrate increases
from 2.12 to 2.19 A. In the X1 substrate, the Mo atom
close to the NO gas molecule is pulled out of the layer,
and the corresponding Mo—N bond increases from 2.12
to 2.97 A. There is only a slight alteration in the Mo—N
bond in X2 and X3. The plane average potential curve
of the system could more clearly describe the energy dis-
tribution at the interface of the adsorption system. The
left platform represents the vacuum level of the Mo(7)-
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FIG. 6. Order of the differential charge diagram is (a) CHy, (b) NHj3, (¢) NO,, (d) SO,, (e) CO, and (f) CO;. It corresponds to the
order of (a)~(c), (¢}(g) in Fig. S3 within the Supplemental Material [34]. Red and blue correspond to the charge-accumulation area
and charge-consumption area, respectively. Isosurface of each image is set to 0.001 e/A3.

(H, F, O) terminated surface of the original substrate, and
the right platform represents the vacuum level of the NO-
terminated surface. There is a step in the vacuum region.
After the adsorption of NO gas, charge transfer occurs
on the substrate surface, which leads to the generation of
an induced dipole and an increase in the dipole moment,
leading to further polarization. Thus, there is a potential
shift at the interface, which affects the work function (Wr).

W is defined as the difference between the vacuum level
(Evac) and the Fermi level (Ef), i.e., Wr = Ey,c — EF.
It represents the minimum energy required for an elec-
tron to transition from the interior of a material to the
vacuum level. Any alteration in Wy will impact the con-
ductivity of the system, which is directly linked to the
sensing capabilities of the adsorption surface. When NO
gas molecules are adsorbed on substrates, the changes in
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@ 19 ®) 10

5| Euc=3386eV —NO-Mo,N

B,

Vigr (eV)

E,. =3.86eV ——NO - Mo,NF, E,.=3.86¢eV ——NO - Mo,NO,

FIG. 7. Average curve of the electrostatic potential on the plane perpendicular to the substrate surface and NO adsorbed on (a) Mo, N,
(b) Mo,;NH,, (¢) Mo,NF,, and (d) Mo,NO, substrates. Ey,. represents the vacuum level of the adsorption surface and Ef represents
the Fermi level of the adsorption system. Charge-density difference diagrams of (¢) NO/Mo,N, (f) NO/Mo,NH;, (g) NO/Mo,NF,,
and (h) NO/Mo,NO,, where the reference charge density is 0.001 e/A; blue represents the charge-depletion region, and red represents
the charge-accumulation region.

Wg values are 0.25, 0.75, —1.08, and —1.14 eV. Wr of  substrate while also acting as oxidants to remove charges
X0 and X1 substrates increase significantly, likely due to  from the substrate. The significant reduction of Wy in X2
the adsorption of gases that cause slight deformation of the ~ and X3 substrates may be attributed to NO gas providing
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DOS and PDOS for NO/Mo,NT7, (T=@, H, F, O) system are calculated as follows: (a) NO/Mo,N, (b) NO/Mo,NHa, (c)

NO/Mo;,NF,, and (d) NO/Mo,NO,. Fermi level is taken to be zero and displayed with a black dashed line.

additional electrons to the substrate. The alteration in Wy
is essential for NO gas detection, as it directly modu-
lates interfacial charge transfer and carrier concentration,
thereby governing conductivity changes that underpin the
fundamental mechanism of resistive gas sensing.

We further investigated the PDOS of the NO/Mo,;NT,
(T=0,H, F, O) adsorption systems to elucidate their elec-
tronic properties. As depicted in Figs. 8(a)-8(d), distinct
orbital resonance peaks in the DOS are observed between
the O s and N p orbitals of the adsorbed NO molecule and
the Mo d orbitals within the energy range of —8 to 2 eV
in the X0 system. This clearly indicates the formation of
covalent bonds between the N and O atoms of NO and the

surface Mo atoms, which is fully consistent with the cor-
responding atomic configuration shown in Fig. 7(a). For
the X1 system, a comprehensive comparison of the DOS
[Fig. 8(b)] and the atomic structure [Fig. 7(b)] reveals a
subtle orbital energy overlap between the N p orbital of
NO and Mo d orbitals around —8 to —6 eV, confirming
covalent bonding between the N atom of NO and the sur-
face Mo. Similar characteristic DOS peaks associated with
the O p orbitals reflect the intrinsic N—O bond within
the adsorbed NO molecule. In the X2 and X3 adsorption
systems, significant DOS peaks emerge at the Fermi level
for the N p and O p orbitals of NO. This phenomenon is
attributed to charge transfer from the MXene surface to the
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N and O atoms of NO, as evidenced by the charge-density
difference plots presented in Figs. 7(g) and 7(h). Conse-
quently, electron depletion occurs in the antibonding 7 *
orbitals of NO, thereby strengthening the N—O bond. The
presence of pronounced red charge-accumulation regions
between the N and O atoms in Figs. 7(g) and 7(h) provides
strong corroboration for this observation.

As illustrated in Fig. 9, Mo,NF, and Mo,NO, exhibit
reversible NO-adsorption energies within the optimal sens-
ing range of —0.3 to —0.6 eV, which are comparable to
established NO-sensing materials, including Ti;NS, [22],
V,NS, [22], CrP [38], TizC,0; [39] and phosphorene
[40]. Notably, both materials demonstrate superior charge
transfer relative to Ti;NS;, V,NS,, CrP, and phospho-
rene. These characteristics—moderate adsorption strength,
facilitating desorption kinetics, coupled with enhanced
charge transfer—signify significant electric field recon-
struction at the gas-substrate interface. These synergis-
tic characteristics highlight the promising potential of
Mo,NF, and Mo,;NO,; as high-performance NO-sensing
materials.

The recovery-time calculations based on transition-state
theory [Eq. (3)] provide fundamental insights into the
intrinsic desorption kinetics of NO from MXene surfaces,
as show in Table II. For Mo,NF, and Mo,NQO,, the pre-
dicted recovery times range from milliseconds at 200 K to
nanoseconds at 433 K, suggesting that thermal activation
significantly enhances desorption rates.

In the context of surface physics and transition-state the-
ory, the parameter vy represents the vibrational frequency
of adsorbed NO molecules within the surface potential
well, where 10'2 Hz is commonly adopted as a reasonable
approximation in solid-state systems. However, the actual
desorption dynamics are influenced by two significant fac-
tors that deviate from ideal monolayer behavior. First,
under low NO concentrations (at ppm levels), coverage-
dependent effects become non-negligible, according to
Langmuir adsorption theory, where the surface coverage
shows a linear dependence on gas-phase pressure at low

—0.6 0.30
' E‘.uls
—054{ B | L 0.25
0.4 L 0.20
3 3
D 2
= 034 015 5
& =
0.2 L 0.10
—0.1 | L 0.05
0.0-H - 0.00

\3 ©) S & & ] ©
“\0? 2 @\ms v ‘,“g " *1? ) o ‘-“C»’L 50@\\0@\\

FIG. 9. Adsorption energies (E,qs) and absolute values of
Bader charge transfer (|C7|) for selected adsorbates on various
two-dimensional materials.

pressures, leading to faster recovery kinetics than that
predicted by simple monolayer models. Second, real mate-
rial surfaces invariably contain defects that can serve as
deep trapping sites, substantially modifying the potential-
energy landscape and creating additional binding states
with higher activation barriers for desorption.

While DFT calculations predict superior recovery pet-
formance compared to experimental systems (e.g., 24 s for
NO; adsorption on Pt/Cr-TiO, /Pt at 200 K [41] or 94 s for
H,S adsorption on ZnO/ZnCo,04 hollow tubes at 344 K
[42]), this discrepancy stems from the inherent complexity
of real-world devices. Practical systems typically involve
polycrystalline materials with grain boundaries, which
introduce structural disorder and localized strain, alongside
additional rate-limiting steps, such as interfacial charge-
transfer barriers and diffusion constraints—factors often
underrepresented in idealized DFT simulations. Our results
represent the theoretical limit for ideal single-crystal sur-
faces, establishing Mo,NO, and Mo,NF, as promising

TABLE II. Comparative analysis of NO-gas-sensing performance. Recovery time (t) calculations for MXenes and benchmark
materials across operational temperatures (200, 300, 433 K) via DFT and experimental methods.
Sensors Gas 7 (8) Method
200 K 300K 7433 K
Mo, NF, NO 1.9x 1073 1.5x 107 1.9x 1078 DFT
Mo, NO, NO 1.9 %1073 5.5 %1077 9.2x107° DFT
Ti,NS, [22] NO 1.7 x 1072 6.6 x 107° 52x 1078 DFT
V,NS; [22] NO 1.1 x107° 5.1x10°8 1.8x107° DFT
CrP [38] NO 2.4 % 107! 8.8 x 10~* 1.6 x 107° DFT
Ti3;C,03 [39] NO 2.0x 107! 7.2 %x107* 1.4 %1076 DFT
Phosphorene [40] NO 22x107¢ 1.6 x 1078 7.9 x 10710 DFT
Pt/Cr-TiO, /Ptbased [41] NO, 24 . Experiment
Zn0/ZnCo,04 [42] H,S 94 Experiment
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candidates worthy of experimental validation with proper
nanostructure engineering.

F. Transport properties of nanodevices constructed

As indicated in Table I, functionalized Mo,NF, and
Mo, NO; sheets exhibit optimal adsorption energies and
significant charge transfer for NO gas. This suggests a
favorable balance between the desorption and adsorption
of NO on these substrates, positioning them as promising
candidates for gas-sensing applications. Upon adsorption,
NO molecules interact with the substrate, altering its resis-
tivity. This resistivity change can be detected as a variation
in current under applied bias, analogous to functionalized
materials like M,CO, (M =Sc, Ti, Zr, Hf), Mo,CT,,
Nb,CTy, and Mo,BT,, which have also been predicted as
potential gas sensors [21,38,43,44].

To qualitatively evaluate the detection sensitivity of
Mo, NF, and Mo,NO, for NO, we constructed nanoscale
sensor devices based on our DFT predictions. A schematic
of the device is shown in Fig. 10(a). The device consists of

(a) Electrode

Scattering

three parts: the left semi-infinite electrode, the right semi-
infinite electrode, and the central scattering region where
the gas molecule absorbs.

In this study, the transport properties of the nanoscale
devices were calculated using the nonequilibrium Green’s
function method implemented in the TRANSIESTA software
package [38,45]. The Monkhorst-Pack k-point grids were
set to 40 x 4 x 1 for the electrodes and 1 x 4 x 1 for the
device. A 5 x 3 supercell obtained from structural relax-
ation was selected as the scattering region to compute
transport properties. The scattering region was periodically
extended to construct “pseudoelectrodes.” Only the most
stable NO-adsorption configuration within the scattering
region was considered. The Landauer-Biittiker equation
was used to estimate the current through the contact
region [46,47]:

MR
I(Vy) = Go/ T(E, Vy)[6(E — pur) — 8(E — pp)]dE
ML
(5)
Electrode

(b)
100

—&— Mo:NO:

g0 —*—MoNO:-NO

60 4

40 4

Current (uA)

204

0
0.0

04 06 08

Voltage (V)

0.2 1.0

FIG. 10.

—=— Mo:NF:
1 —®— Mo:NF:- NO

04 06 08

Voltage (V)

0.2 1.0

(a) Schematic diagram of the nanodevice (using Mo,NO; as an example) consists of three parts: the left semi-infinite

electrode, the right semi-infinite electrode, and the gas-molecule scattering region. (b) Current-voltage (/-V) curves of pristine Mo, NF;
and Mo, FO, under NO adsorption. (c) Current-voltage (/-V) curves of pristine Mo, NO, and Mo,NO, under NO adsorption.
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where Gy is the quantum conductance unit, and 7(E, V)
represents the transmission probability of an electron with
energy E under an applied bias voltage V. The potential
difference between the left and right electrodes is given by
eVo = UL — Ur.

By solving the nonequilibrium Green’s function, we
analyzed the transport properties of the nanoscale device
both before and after gas adsorption. The current-voltage
(I-V) curves for the pristine scattering region and the NO-
adsorbed scattering region are compared in Figs. 10(b)
and 10(c). For the nanoscale device constructed with
Mo, NF,, the current exhibits a negligible change within
the bias-voltage range of 0—1 V. In contrast, for the
Mo, NO,-based device, a significant current reduction
is observed in the bias-voltage range of 0.6-0.9 V.
Specifically, at bias voltages of 0.6 and 0.9 V, the cur-
rent of the NO-adsorbed device measures 58.64 and
76.78 nA, respectively, representing reductions of 14.77%
and 18.09% compared to the pristine device. This atten-
uation arises because the adsorbed molecules introduce
localized potential barriers at the transport interface [48].
As evidenced by the differential charge density in Fig. 7(h),
significant charge accumulation surrounds NO, intensi-
fying electron scattering. Quantified via the Landauer-
Biittiker equation [Eq. (5)]: T(E, Vp)ads < T(E, Vp)pristine at
E =~ Eg. This suppression effect peaks within the 0.6-0.9 V
bias range [Fig. 10(b)], directly driving current decay.
Although charge transfer increases catrier concentration
in the substrate, the adsorption energy primarily origi-
nates from the strengthening of the N—O bond due to
electron depletion from NO’s antibonding 7* orbitals.
The limited interfacial interaction between NO and the

(a) (b)
Mo,NO; 3o(OH), ,-ST1 Mo,NO; 4(OH), ;,-ST2

Q\, ) P _ 7

E

form

=-423.348 eV E

form

=—-429.757 eV

FIG. 11.

Mo, NO, substrate implies that the enhancement in carrier
concentration cannot compensate for the increased resis-
tance induced by intensified electron scattering. This result
indicates that Mo,NO, exhibits high sensitivity to NO.
The adsorption of NO significantly reduces the current
in monolayer Mo,NO,, implying a substantial increase in
resistance that can be directly measured experimentally.
Therefore, Mo,NO, is a promising candidate material for
NO-sensing applications.

G. Hydroxyl-dependent NO reactivity on
mixed-terminated Mo,NT, surfaces

To elucidate the regulatory effects of the O-to-OH-group
ratio on the structural stability and nitric-NO-adsorption
behavior of Mo,N7, materials, systematic investiga-
tions were undertaken. Significantly, experimental findings
revealed that Mo,NT, synthesized via ammonization of
Mo, NO, possesses surfaces terminated by mixed O and
OH functional groups. Consequently, computational mod-
els explicitly focusing on these coexisting terminations
were employed.

First, employing a 3 x 3 supercell [Fig. 11], four dis-
tinct Mo, N7, configurations were constructed: Mo, NO; g9
(OH).11-ST1,  Mo0yNO; g9(OH)11-ST2,  M0yNOg g9
(OH)H]-STl, and M02N00.89(OH)1.|1-ST2. Notably, the
Mo,NOj g9(OH)g.1; system models low hydroxyl cover-
age to isolate the impact of single OH groups, while the
Mo,;NOy g9(OH) 111 system reflects a higher hydroxyl-to-
oxygen ratio (~8:10), designed to align with experimen-
tally observed functional-group distributions. Analyses

(© (@)
M02N00.89(OH)1.11§I:\1 M02N00.89(OH)1.11-S:/2;

r—8—o
{ >

E

form

=-454.168 eV E

form

=—-453.911 eV

Four distinct configurations of mixed-terminated Mo,N7, materials with varying hydroxyl group ratios: (a),(b)

Mo,NO 89(OH)g 11 system under low-OH concentration, revealing ST1 and ST2 conformations. (c),(d) Moy;NOggo(OH); 1 system

under high-OH concentration, revealing ST1 and ST2.
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(a) (b)

(o)

H from the H,O below
H from the surface -OH

(e) group below

FIG. 12. NO-adsorption mechanisms on hydroxyl-functionalized surfaces. (a) Low-OH system [Mo,NO; g9(OH)¢ 11]. (b) High-OH
system [M0,NOg 39(OH); 11]. (c) Water-passivated surface. (d) Surface configuration of Mo,NOy g9(OH); 1 passivated by water. (e)
Stable configuration of NO adsorbed on the water-passivated surface.

revealed that, at low hydroxyl coverage, the ST2 configura-
tion exhibited significantly lower formation energy relative
to that of ST1. Conversely, under high hydroxyl coverage,
the ST1 configuration dominated, highlighting the O:OH
ratio as a critical determinant of ground-state structural
stability.

Second, NO-adsorption studies (Fig. 12) demonstrated
that the reaction pathway and products depended criti-
cally on the surface hydroxyl density. Crucially, in both
regimes, NO instigates cleavage of O—H bonds within
the material’s surface OH groups. At low hydroxyl cover-
age, NO predominantly abstracts a single hydrogen atom
from an OH group, yielding a stable O-N-H moiety. In
contrast, at high hydroxyl coverage, NO reacts with more
surface hydroxyl groups, resulting in the formation of
hydroxylamine (H,N-OH). This divergence underscores
the concentration of surface hydroxyl groups as a pivotal

factor modulating the NO-adsorption pathway and reaction
outcome.

Finally, the influence of water passivation on NO-
adsorption energetics was probed via configuration
analysis (Fig. 12). Water passivation induced the forma-
tion of hydrogen-bonded networks on the surface. NO
adsorption triggers a process where coordinated water
molecules act as acceptors for hydrogen atoms abstracted
from surface hydroxyl groups, thereby forming hydro-
nium ions. Following this, the hydronium ions dissociate,
yielding additional hydrogen atoms, which participate in
reactions leading to nitroxyl (H-N-O) species formation.
The computed adsorption energy for this passivated sys-
tem was —1.010 eV. Crucially, while water passivation
attenuated the reactivity (i.e., reduced the binding strength
to —1.010 eV) compared to the strongly adsorptive and
reactive nonpassivated system (—4.708 eV), irreversible

044047-13



ZEBANG CHENG et al.

PHYS. REV. APPLIED 24, 044047 (2025)

chemical transformations occurred in both scenarios. The
observed irreversible chemistry triggered by NO adsorp-
tion, even under passivation conditions, indicates that
hydroxyl functional groups facilitate detrimental reactions.
Consequently, these groups are likely detrimental to the
efficacy of Mo,N-based NO-sensing platforms, as passi-
vation fails to sufficiently suppress the undesired chemical
reactivity.

IV. CONCLUSION

This study establishes functionalized Mo,NT7, (T=H,
0O, F) MXenes as dual-functional platforms for toxic gas
capture and sensing through systematic first-principles cal-
culations. The pristine Mo, N monolayer exhibits excep-
tional affinity for NO, gases with adsorption energies
up to —4.218 eV, demonstrating potential as an efficient
capture agent. Surface-termination engineering critically
modulates functionality: Mo,NH, achieves selective NO,
capture, while Mo, NO, emerges as an optimal NO sensor
with moderate adsorption strength (—0.342 eV), substan-
tial charge transfer (—0.197 e), and 14%—18% current
reduction in nanodevices.

Beyond uniform surface terminations, the mixed-
functionalized Mo,NO,(OH),, systems reveal hydroxyl-
concentration-dependent reactivity—a pivotal advance-
ment for practical applications. At low OH coverage,
NO-triggered proton abstraction forms stable O-N-H moi-
eties, whereas high OH content induces direct O-H
cleavage, generating H,N-OH. Although water passi-
vation attenuates reaction strength (E,3s=—1.010 eV),
irreversible chemical transformations persist, highlight-
ing fundamental limitations of hydroxylated surfaces for
reversible sensing. These findings underscore terminal-
group control as the cornerstone for designing next-
generation MXene-based gas-management systems, where
precise surface-chemistry optimization is essential for bal-
ancing capture selectivity with sensing reversibility.
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